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Biosynthesis of butyrate by commensal bacteria plays a crucial role in maintenance
of human gut health while dysbiosis in gut microbiome has been linked to several
enteric disorders. Contrastingly, butyrate shows cytotoxic effects in patients with
oral diseases like periodontal infections and oral cancer. In addition to these host
associations, few syntrophic bacteria couple butyrate degradation with sulfate reduction
and methane production. Thus, it becomes imperative to understand the distribution of
butyrate metabolism pathways and delineate differences in substrate utilization between
pathogens and commensals. The bacteria utilize four pathways for butyrate production
with different initial substrates (Pyruvate, 4-aminobutyrate, Glutarate and Lysine) which
follow a polyphyletic distribution. A comprehensive mining of complete/draft bacterial
genomes indicated conserved juxtaposed genomic arrangement in all these pathways.
This gene context information was utilized for an accurate annotation of butyrate
production pathways in bacterial genomes. Interestingly, our analysis showed that
inspite of a beneficial impact of butyrate in gut, not only commensals, but a few
gut pathogens also possess butyrogenic pathways. The results further illustrated
that all the gut commensal bacteria (Faecalibacterium, Roseburia, Butyrivibrio, and
commensal species of Clostridia etc) ferment pyruvate for butyrate production. On
the contrary, the butyrogenic gut pathogen Fusobacterium utilizes different amino
acid metabolism pathways like those for Glutamate (4-aminobutyrate and Glutarate)
and Lysine for butyrogenesis which leads to a concomitant release of harmful by-
products like ammonia in the process. The findings in this study indicate that
commensals and pathogens in gut have divergently evolved to produce butyrate using
distinct pathways. No such evolutionary selection was observed in oral pathogens
(Porphyromonas and Filifactor) which showed presence of pyruvate as well as amino
acid fermenting pathways which might be because the final product butyrate is itself
known to be cytotoxic in oral diseases. This differential utilization of butyrogenic
pathways in gut pathogens and commensals has an enormous ecological impact
taking into consideration the immense influence of butyrate on different disorders in
humans. The results of this study can potentially guide bioengineering experiments to
design therapeutics/probiotics by manipulation of butyrate biosynthesis gene clusters in
bacteria.
Keywords: butyrate production pathways, gut microbiome, butyrate producers, genome mining, comparative
genomics
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INTRODUCTION
Humans harbor a plethora of micro-organisms comprising of
around 1000 species inhabiting different body sites. Some of them
are beneficial bacteria which help not only in metabolism and
absorption of nutrients by the human host but also in regulation
of our immune system (Bhattacharya et al., 2015). These bacteria
can also influence epithelial cell growth and differentiation
(Schwabe and Jobin, 2013; Sears and Garrett, 2014). The human
body sites with the most diverse microbiome are gut followed
by oral cavity (Corpet et al., 1995). Recent studies have indicated
that microbiome is influenced by various environmental factors.
Any insult to the critical balance of the microbiome composition,
resulting in the outgrowth of harmful bacteria, might be
responsible for triggering diseases/disorders like inflammatory
bowel disease (IBD), diabetes, obesity, periodontitis etc. (Gupta
et al., 2011; Ghosh et al., 2014; Jorth et al., 2014; Tomasello
et al., 2014). Recent studies have also indicated that the onset of
disease cannot be accredited to a single pathogen, but to the entire
microbiome (Schwabe and Jobin, 2013).
The human gut maintains the most diverse microbiome
comprising of bacteria which are beneficial for health and have an
anti-inflammatory effect on intestinal epithelium (Basson et al.,
2000). Majority of these bacteria produce metabolites like short
chain fatty acids (SCFA) that are known to be beneficial for
the host. For example, previous studies have indicated increased
butyric acid in the stool samples of healthy individuals as
compared to those suffering from enteric diseases (Basson et al.,
2000). Similarly, while no significant differences were seen in
propionate level, an elevated acetate level was observed in the
gut of disease cohorts (Weir et al., 2013). These results suggest
that amongst the three bacteria-derived SCFA’s, butyrate might
play a significant role in determining the gut health status
of an individual. This is supported by higher occurrence of
butyrate producing bacteria, like Faecalibacterium, Coprococcus,
and Roseburia in the guts of healthy individuals (Hakansson
and Molin, 2011; Sun and Chang, 2014). On the contrary, the
abundances of these genera were observed to be lower in the
guts of individuals with CRC, IBD, ulcerative colitis, diabetes,
etc. (Dulal and Keku, 2014). Reports have also indicated that
administering butyrate can affect the production of cyclin D3
(Siavoshian et al., 2000; Tang et al., 2011), which may lead to
a cessation of cell in G1 phase of cell cycle and a shift toward
terminal differentiation. Butyrate is experimentally shown to be
a histone deacetylase inhibitor, further emphasizing its role in
reducing cell proliferation by epigenetic regulation (Bordonaro
et al., 2014; Donohoe et al., 2014). Production of butyrate has
been shown to decrease the pH and has been proposed to
prevent the growth of pathogenic organisms like Enterococcus
and Escherichia in the gut (Duncan et al., 2009; Slavin, 2013).
These studies suggest that butyrate produced by gut bacteria has
a positive influence on gut health. Studies have indicated that
butyrate obtained from natural dietary fiber can help maintain
gut homeostasis and reduce the idiopathies of various diseases
that develop due to dysbiosis (Toden et al., 2014).
Another human body site known to be colonized by a wide
diversity of bacteria is the oral cavity. Earlier studies have shown
that contrary to its role in gut, butyrate has a cytotoxic effect
on gingival cells of humans and proves to be pathogenic in
oral environment (Ohkawara et al., 2005). Butyrate has also
been shown to be responsible for release of Reactive Oxygen
species in chronic periodontitis (Chang et al., 2013). Further,
it has been implicated in apoptosis and autophagic cell death
in gingival cells (Ohkawara et al., 2005). The dysbiosis within
oral microbiome is often associated with an increase in butyrate
producing pathogens like Porphyromonas gingivalis, Filifactor
alocis, and Tannerella forsythia and has also been implicated
in diseased conditions like periodontitis (Corpet et al., 1995;
Socransky et al., 1998; Aruni et al., 2015). Thus, while butyrate
is a beneficial metabolite for gut cells, its presence is likely
to show deleterious effects in oral cavity. These differences in
roles of butyrate in different body sites in humans necessitate a
deeper understanding of butyrate production in various bacteria.
In addition, delineating differences in butyrate production
mechanisms of commensals and pathogens is likely to help in
designing better probiotics for improving gut/oral health.
Four major butyrate production pathways exist in bacteria
(Figure 1). These pathways utilize one of the four substrates
namely, pyruvate, glutarate, 4-aminobutyrate and lysine. Each of
these four pathways use butyryl-CoA dehydrogenase electron-
transferring flavoprotein complex (Bcd-Etfαβ) to catalyze
conversion of crotonyl-CoA to butyryl CoA (Chowdhury et al.,
2014). Eventually the final production of butyrate is catalyzed
by either butyryl-CoA:acetate CoA transferase (But) or butyrate
kinase (Buk) (Figure 1). It should also be noted that Glutamate
is used by anaerobic bacteria for production of the substrates
4-aminobutyrate and 2-oxoglutarate while these substrates can be
produced as intermediates of citric acid cycle in aerobic bacteria.
Further, arginine catabolism can also be used in certain bacteria
to biosynthesize 4-aminobutyrate.
One of the in silico studies has utilized just the presence of But
and Buk enzymes (terminal enzymes) as markers for predicting
butyrate production capability by bacteria (Vital et al., 2013).
Similarly, homology-based analysis has been utilized in another
study to identify existence of all genes involved in the butyrate
production in various bacterial genomes (Vital et al., 2014). It is
to be noted that both these methods utilize sequence homology
for prediction of genes. Since some of the genes involved in
the four butyrate pathways are known to be utilized in other
metabolic pathways, the homology-based analyses is expected
to lead to misannotations. In order to overcome this drawback,
apart from identifying homologs of these genes, it is important to
consider their genomic locations in the organisms. The clustered
genomic arrangement of genes comprising each of these butyrate
producing pathways has also been reported earlier in a few
bacteria (Boynton et al., 1996; Li et al., 2012; Whon et al., 2015).
In the present study, a comprehensive Hidden Markov Model
(HMM) based genomic analysis was performed to understand
distribution of butyrate production pathways in commensals
and pathogens inhabiting different environments. Firstly, the
genomic arrangement of these pathways was confirmed and
this context information was utilized for identifying domains
within the cognate butyrate production pathway in 8027 bacterial
genomes. The utilization of juxtaposed genome organization
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FIGURE 1 | Schematic representation of four butyrate production pathways in bacteria. Pyruvate pathway: Pyruvate is converted to crotonyl CoA using
three enzymes, namely, Thiolase (Thl), Hydroxybutyryl dehydrogenase (Hbd) and crotonase/enoyl-CoA hydratase (Cro). 4-aminobutyrate (4Ab) pathway: 4Ab is
converted to crotonyl CoA by the action of AbfH (4-hydroxybutyrate dehydrogenase), 4Hbt (butyryl-CoA:4-hydroxybutyrate-CoA transferase) and AbfD
(4-hydroxybutyryl dehydratase) which also possesses vinyl-acetyl-CoA isomerase activity. Glutarate pathway: 2-oxoglutarate conversion to Crotonyl-CoA involves
2-hydroxyglutarate dehydrogenase (L2Hgdh), glutaconate-CoA transferase (Gct) and 2-hydroxyglutaryl-CoA dehydrogenase (HgCoAd) and Glutaconyl-CoA
decarboxylase (Gcd). Glutamate can be converted to 4-aminobutyrate and 2-oxoglutarate by enzymes Glutamate decarboxylase (Gdc) and Glutamate
dehydrogenase (Gdh) enzymes. Lysine pathway: Lysine is metabolized to Crotonyl-CoA by lysine 2,3-aminomutase (KamA), lysine 5,6-aminomutase (Kam D,E),
3,5-diaminohexanoate dehydrogenase (Kdd), 3-keto-5-aminohexanoate cleavage enzymes (Kce) and 3-aminobutyryl-CoA ammonia lyase (Kal). Acetoacetate
released in the last step can also be converted to Butyate by a few bacteria using butyryl-CoA:acetoacetate-CoA transferase (Ato) enzyme. Crotonyl-CoA, a product
from each of the four pathways, is metabolized to butyryl-CoA by butyryl-CoA dehydrogenase (Bcd). Conversion of butyryl-CoA to butyrate is catalyzed by either two
enzymesphosphate butyryl transferase (Ptb) and Butyrate kinase (Buk), or by butyryl-CoA:acetate CoA transferase (But).
of domains comprising a pathway enabled elimination of
homologous domains which might have different functions
in other metabolic pathways also. This study, to the best
knowledge, is the first to shed light on the distribution of
butyrate production pathways in pathogens versus commensals
across different environmental conditions like gut and oral
cavity in humans. Further, an attempt was made to understand
similarities/differences in butyrate production capabilities as well
as pathways utilized for biosynthesis by gut pathogens and
commensals. In order to further verify our findings, publicly
available 16S rRNA amplicon datasets, corresponding to gut
samples from 443 healthy and 567 diseased individuals, were
analyzed. The results, based on the gene context information
(from bacterial genomes) in combination with the taxonomic
composition, provided valuable insights into the differences
in evolution of butyrate production pathways in commensals
and pathogens in gut. The genome-wide study further gave
insights into the distribution of butyrate production pathways
in bacteria inhabiting the oral cavity in periodontitis patients
as the butyrogenic pathways differed in strains forming the oral
microbiome of these individuals.
RESULTS
Distribution of Butyrate Production
Pathways in Bacteria
In order to evaluate butyrate production capability in various
bacteria, the four known pathways that are utilized by them
for butyrate production (Figure 1) were studied. A preliminary
analysis using HMM based approach (details in Section
“Materials and Methods”) was performed on known butyrate
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producers (e.g., Faecalibacterium, Roseburia, Fusobacteria,
Coprococcus) to confirm the evolutionary conservation of
clustered gene arrangement for all four butyrogenic pathways.
The identified juxtaposed arrangement of genes (Figure 2)
constituting butyrate production pathways is in agreement
with previously reported studies (Boynton et al., 1996; Li et al.,
2012; Whon et al., 2015). Although, the domain order for each
pathway differed across genomes, all genes of a pathway were
found to occur in context with each other. After establishing
the conserved genomic arrangement of butyrate production
pathways, this HMM based analysis was extended to 8027
sequenced genomes (complete and draft) in NCBI to understand
butyrate pathway composition across all bacteria. Results of the
analyses indicated presence of one or more of these pathways
in butyrate producing organisms. 2180 out of 8027 bacteria
were found to have all genes that are involved in butyrate
production from pyruvate. The remaining three pathways
utilizing 4-Aminobutyrate (4Ab), Lysine and Glutarate, were
observed to be present in 41, 110 and 46 genomes, respectively.
Thus, the majority of butyrate producers were found to utilize
pyruvate as substrate.
Role of Electron Transfer Proteins in
Butyryl-CoA Dehydrogenase of
Butyrogenic Bacteria
The Bcd (butyryl-CoA dehydrogenase) enzyme is known to
be a common component utilized by all butyrate producers
(Figure 1). Interestingly, while this gene was found to occur
in context with genes constituting the pyruvate pathway, it was
found to function in trans in other three pathways. The Bcd
protein is known to be composed of three subunits, namely,
α-subunit which acts as butyryl-CoA dehydrogenase (Bcd) and
the β- and γ-subunits which function as electron-transferring
flavoproteins (ETF) (Chowdhury et al., 2014). While all subunits
of this protein were observed to be present in anaerobic butyrate
producers, the β- and γ-subunits were found to be absent in
aerobic butyrate producing bacteria (Supplementary Tables S1
and S2). Interestingly, majority of the bacteria which showed
presence of ETF proteins (β- and γ-subunits) in addition to
dehydrogenase component (α-subunit) were observed to be
mostly gut commensals including Faecalibacterium, Roseburia,
Eubacterium, Odoribacter, Oscillibacter, and Butyrivibrio. The
ETF + dehydrogenase complex was also observed in oral
pathogens like Porphyromonas gingivalis and Filifactor alocis.
These pathogens lead to butyrate production in oral cavity
which, as discussed earlier, is cytotoxic in this environment
and may lead to disorders like periodontitis (Socransky et al.,
1998; Tsuda et al., 2010; Chang et al., 2013; Aruni et al.,
2015). Apart from these bacteria residing in human microbiome,
a few strains of Azotobacter vinelandii, a bacteria known to
thrive in soil environment and those of the thermophillic
Thermoanaerobacteria were observed to possess all three
subunits of Bcd, which is in line with earlier studies (Ueno
et al., 2006). Many sulfate reducing bacteria, identified to possess
pyruvate pathway like Desulfitobacterium, have been reported
to utilize butyrate as an electron donor for sulfate reduction
(Gerritse et al., 1999). Further, studies have hypothesized the role
of ETFs (in Bcd enzymes) in energy conservation in anaerobic
bacteria (Herrmann et al., 2008). Thus, the results from our
FIGURE 2 | Gene organization of the four butyrate production pathways in bacteria. The clustered genomic organization of four butyrate production
pathways has been depicted. The text within the arrows shows the PFAM domain assignments corresponding to each gene in a pathway while the text above the
arrow indicates the gene identifier for which PFAMs were used. Butyryl-CoA dehydrogenase (Bcd), the central enzyme in all four pathways, occurs in genomic
context with the Pyruvate pathway genes and contains the dehydrogenase as well as Electron transferring α and β subunits. The final enzymes phosphate butyryl
transferase (Ptb), butyrate kinase (Buk) and butyryl-CoA:acetate CoA transferase (But) occur on different locations in the bacterial genomes.
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analysis indicate that butyrate biosynthesis might be coupled with
energy conservation in anaerobic butyrate producers.
Since some of the enzymes involved in the above mentioned
four butyrate producing pathways are present in multiple copies
on the genome, the gene context-based information utilized
in the present study (Figure 2) ensured accurate annotation
of all butyrogenic pathways. The predicted butyrate producers
(Supplementary Table S1) from completely sequenced genomes
indicated that not all strains of bacteria were capable of
butyrate biosynthesis. For example, only five out of 18 strains
of Lachnospiracea were found to have one or more of the
butyrate pathways. Results also indicated that different strains of
a bacterial species produce butyrate utilizing different pathways.
For example, while Fusobacterium nucleatum vincentii was found
to possess the 4-aminobutyrate pathway, the other strains of
Fusobacteria contained Glutarate and Lysine pathways. Thus, the
findings of the present study are expected to help in identifying
strains of bacteria that are capable of producing butyrate.
Butyrate Producers in Human Gut
In order to evaluate the role of butyrogenic bacteria in
human gut, publicly available datasets for 16S rRNA amplicons
corresponding to 443 healthy and 567 diseased individuals were
considered. Results of the multivariate data analysis using the
bootstrapped abundance values (details in Section “Materials
and Methods”), indicated higher presence of Firmicutes and
Bacteroidetes in all populations, irrespective of the health status
of the individuals. The butyrate producing Firmicutes were
found to have higher abundances in healthy subjects across all
demographies. For example, genus Faecalibacterium was seen
to have three to fourfold higher abundances in all healthy
subjects, which is in line with earlier reported experimental
studies (Castellarin et al., 2012; Kostic et al., 2012; Warren
et al., 2013; El-Semman et al., 2014). Other genera which
were observed to be high in some of the healthy samples
included Dorea, Blautia, Flavonifractor, Roseburia, Clostridia,
Gemmiger, Coprococcus, Erysipelotrichacea, and Butyricimonas
(Supplementary Figure S1). Eight of the above mentioned
11 genera, prevalent in healthy individuals, are known to
produce butyrate that is useful for gut health. Thus, the higher
abundance of butyrate producers in healthy individuals suggests
the beneficial effect of butyrate on gut health and well being
in humans. It is to be noted that the healthy datasets showed
a higher abundance of Lachnospiracea_incertae_sedis. The term
‘incertae sedis’ refers to strains of family Lachnospiracea which
cannot be assigned to any genus based on the 16S rRNA sequence
homology. Many of these strains have been reported to be
potential butyrate producers which contribute to healthy gut
microbiota (Clarke et al., 2013; Jiang et al., 2015).
The results of the multivariate analyses obtained using
567 diseased patients showed higher abundance of genera
like Streptococcus, Anaerococcus, Veillonella, Escherichia, Rothia,
Campylobacter, Leptotrichia, and Fusobacterium (Supplementary
Figure S1). Interestingly, Fusobacterium is the only butyrogenic
genus which showed twofold higher occurrence in all the patients
suffering from CRC (95 samples) and IBD (101 samples). Also,
although butyrogenic genus Megasphaera was not observed in the
guts of the subjects considered in this study, it has been reported
to have higher abundance in many diseased conditions (Bajaj
et al., 2012; Ling et al., 2013; Chiu et al., 2014). The presence of
butyrogenic bacteria in the guts of diseased individuals calls for
an in-depth comparison of various butyrate production pathways
in likely pathogens and commensals.
Gut Bacteria and Butyrate Production
Pathways
Comparison of Butyrate Production Pathways in
Commensals and Pathogens
The genome mining for four different butyrate production
pathways was performed on all sequenced bacterial genomes
(as described earlier). On mapping the genera showing
differential abundance in healthy versus diseased datasets to the
catalog of butyrate production pathways within each genome
(Supplementary Table S1), different distributions were observed
(Figure 3A).
The results of the analyses indicated the presence of
pyruvate pathway genes involved in butyrate production in
genera which are majorly observed in healthy cohorts, namely
Faecalibacterium, Flavonifractor, Roseburia, Coprococcus, and
Butyricimonas. Another group of bacteria, showing higher
abundance in these cohorts, corresponded to Lachnospiracea
incertae sedis. Thus, we attempted to find butyrate production
pathway distribution within the Lachnospiracea strains which
are known to inhabit gut environs. The analysis indicated
that most sequenced gut Lachnospiracea strains lack butyrate
production pathways, indicating incapability to produce
beneficial butyrate. These strains included Lachnospiracea
8_1_57FAA_uid61885, Lachnospiracea 1_1_57FAA_uid68209,
Lachnospiracea 6_1_63FAA_uid66423, Lachnospiracea
2_1_46FAA_uid66429, Lachnospiracea 9_1_43 BFAA_uid66425,
Lachnospiracea 4_1_37FAA_uid63581, Lachnospiracea
1_4_56FAA_uid68205, Lachnospiracea 2_1_58FAA_uid68203
and Lachnospiracea 5_1_57FAA_uid68199. The only
strains of Lachnospiraceae which inhabit the gut and
carry pyruvate pathway genes for butyrate production
are Lachnospiraceae_bacterium_5_1_63FAA_uid61883 and
Lachnospiraceae_bacterium_3_1_57FAA_CT1. Interestingly,
while only these two strains show phylogenetic similarity to
known butyrogenic gut bacteria (Roseburia intestinalis and
Coprococcus comes), all other strains of Lachnospiraceae found
in gut belong to a different clade. This was also in agreement
with previous study indicating lack of butyrate pathways in
many strains of Lachnospiracea inhabiting the gut (Meehan
and Beiko, 2014). The present study also indicates that all
strains of Roseburia (Roseburia intestinalis and Roseburia
hominis), Faecalibacterium (Faecalibacterium prausnitzii),
Butyrivibrio (Butyrivibrio fibrisolvens), Odoribacter (Odoribacter
splanchnicus), which were observed as commensals in healthy
gut by earlier studies (Ohkawara et al., 2005; Duncan et al.,
2006; Morgan et al., 2012; Heinken et al., 2014), are capable of
producing butyrate using pyruvate pathway. Thus, this study
provides an insight into strains within various genera which
may be responsible for butyrate production in gut. It should
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FIGURE 3 | Butyrate production pathway composition in commensals vs. pathogens. (A) The figure depicts the pathway distribution in bacteria which form
a part of human microbiome. The gut commensals (blue), gut pathogens (orange) and oral pathogens (green) show differential presence of butryogenic pathways.
(B) Clustering of human microbiome bacteria on the basis of pathway presence.
be noted here that this analysis helps to delineate distribution
of butyrate production pathways in strains which belong to
highly abundant genera in human gut. It does not imply that
all these strains would be present in a collected sample, but
indicates which strains within a genus, if present, can possibly
influence the gut health (in terms of butyrate production and
the pathways utilized to biosynthesize the same). It is important
to note that majority of the publicly available metagenomic data
for comparison of taxonomic changes in healthy and diseased
cohorts is based on 16S rRNA which allows classification of
gut microbiota composition mostly at genus level. Thus, the
exact constituent strains of gut microbiota cannot be established
through 16S rRNA metagenomic analysis.
Pyruvate is known to be biosynthesized by the glucose-
metabolizing glycolytic pathway in all bacteria. However, the
results of the present analyses suggest that only butyrogenic
commensals flux some of this pyruvate to bring about butyrate
production. Also, it was observed that gut commensals like
Flavonifractor and few strains of Lachnospiracea possessed not
only pyruvate pathway, but also other butyrate biosynthetic
pathways (Figure 3A). In addition, Figure 3A shows that known
gut commensals like Odoribacter and Oscillibacter (although not
observed in any of the datasets under study) also show the
presence of pyruvate pathway.
Contrary to the commensal bacteria, butyrate biosynthesis
pathways were not identified in majority of pathogenic genera
that were highly abundant in the gut of diseased cohorts. These
genera (described earlier) include all strains of Enterococcus,
Streptococcus, Escherichia, Campylobacter and Leptotrichia. On
the other hand, the three remaining pathways (4Ab, Glutarate
and Lysine) were found in only 0.2% of differentially abundant
genera present in healthy subjects. Interestingly, while the 4Ab
pathway was seen in Fusobacteria and Megasphaera, glutarate
and lysine pathways were identified only in Fusobacteria.
Although a few strains of Fusobacterium nucleatum have been
reported as oral pathogens, a number of invasive strains have
been associated with gastrointestinal diseases also (Allen-Vercoe
et al., 2011). All these gut associated strains of Fusobacterium
(Figure 3A) lack Pyruvate pathway for butyrate production.
In addition studies have indicated Fusobacterium varium to
be present in the gut of diseased individuals (Ohkusa et al.,
2002). Based on the present analyses, lysine and glutarate
pathways were found only in one strain of Fusobacteria, namely
Fusobacterium_nucleatum_ATCC_25586_uid57885 (Figure 3A).
Similarly, Megasphaera elsdenii, another butyrogenic organism,
was found to utilize only 4Ab pathway. The abundance of this
genus has been reported to increase in case of diseased conditions
like obesity, hepatic encephalopathy and bacterial vaginosis (Bajaj
et al., 2012; Ling et al., 2013; Chiu et al., 2014). Thus, the
results of the present study indicate possible correlation between
butyrogenic gut bacteria that belong to genera which show
higher abundance in diseased condition and lack of the pyruvate
pathway. It is also important to note that although pyruvate
utilizing bacterial genera like Faecalibacterium, Roseburia and
Lachnospiracea incertae sedis (explained above) were present
in diseased datasets; their abundances were less than half as
compared to those in healthy datasets. Another observation
from this analysis emphasizes that although 4Ab, Lysine and
Glutarate pathway might be present in commensal bacteria,
they were found to always occur in addition to Pyruvate
pathway. Therefore, specific presence of pyruvate pathway
in commensals emphasizes its importance in differentiating
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commensals from pathogens. Figure 3B shows clustering for
human microbiome associated butyrogenic bacteria on the basis
of pathway distribution. The results showed that commensal
bacteria formed a separate cluster distinct from pathogenic
ones. Cluster 1 constituted gut commensals (for which genome
sequences are available) which possessed 100% pyruvate pathway.
Interestingly, the oral pathogens Filifactor and Porphyromonas
also clustered with these gut commensals. On the other hand,
Cluster 2 comprised of Megasphaera and was observed to have
100% of its strains utilizing 4Ab pathway for butyrogenesis.
While Lysine and Glutarate pathways for butyrate production
were observed to occur in 100% of pathogenic Fusobacterium
strains in Clusters 3 and 4, only 11% of Fusobacterium strains
of Clusters 3 and 4 were found to possess 4Ab pathway. Cluster
5 contained 100% of sequenced gut commensal Flavonifractor
and oral pathogen Porphyromonas strains possessing 4Ab, Lysine
and Pyruvate pathways. The presence of oral pathogens in both
Clusters 1 and 5 indicated no specific preference for pathway
utilization in these genera. It should be pointed out here that these
percentages are limited to the sequenced strains of these bacteria
in NCBI.
Pathogenic species of Clostridia were found to be the exception
to the above mentioned observation regarding lack of pyruvate
pathway for butyrate production in pathogenic genera. These
species were found to possess all four genes of this pathway
(Supplementary Table S1). Further analysis showed that these
bacterial species are capable of converting butyrate to butanol,
a pathway absent in all gut commensals. Interestingly, butanol is
known to regulate endospore formation and production of toxins
in pathogenic Clostridia (Karlsson et al., 2000, 2008; Ling et al.,
2014).
Butyrate Production and Ammonia Release in
Diseased Gut
Fusobacteria, one of the genera observed in the guts of
individuals with certain diseases/disorders, were found to contain
butyrate production pathways. However, results of the present
study indicated that instead of pyruvate, Fusobacterium utilizes
4Ab, glutarate and lysine pathways for butyrate production
(Supplementary Figure S2). A detailed genomic analysis of
pathways indicated absence of Bcd enzyme (critical enzyme)
(Figure 1) in majority of Fusobacteria strains. The only exception
was found to be Fusobacterium_nucleatum_ATCC_25586, a
strain known to be a common pathogen in periodontal infections
(Han et al., 2000). Interestingly, this strain was found to have the
Bcd gene flanked by transposase, suggesting possible acquisition
of this gene through horizontal gene transfer event. However,
this gene was not found to be located in the vicinity of the genes
belonging to butyrate pathways. Since Bcd is a common domain
which can be utilized in different pathways, the presence of this
domain in only a single strain of Fusobacterium thus suggests its
involvement in pathways other than butyrate.
Out of the three butyrate production pathways in
Fusobacteria, 4Ab and Glutarate pathways are known to
utilize 4-aminobutyrate (succinate being the precursor) and
2-oxoglutarate as starting substrates respectively. Since anaerobic
bacteria like Fusobacteria lack citrate acid cycle which produces
these substrates as intermediates, they are likely to utilize
Glutamate to form 2-oxoglutarate and 4-aminobutyrate. Thus,
the production of 2-oxoglutarate can only is brought about by
dehydrogenation of Glutamate by Glutamate dehydrogenase in
Fusobacteria, with release of ammonia in the process. Earlier
studies have shown that metabolism of amino acids in the gut
might lead to an increase in pathogenic bacteria like Escherichia,
Enterococcus etc. (Richardson et al., 2013). Also, higher ammonia
in the gut has been shown to increase chances of CRC (Corpet
et al., 1995; Xu et al., 2015). Hence, the ammonia released
as a by-product of butyrate pathways in pathogens probably
impacts gut health. It is to be noted that although, these studies
show the detrimental effect of ammonia released during protein
fermentation, correlation of gut health with ammonia released
during butyrate production by pathogens has not been reported
earlier. The different consequences of butyrate production by
commensals and by pathogens on gut health have also not been
elucidated in literature.
The third butyrate production pathway observed in
Fusobacterium utilizes lysine as a substrate. The enzymes
for lysine biosynthesis are known to be absent in this genus.
Interestingly, results of the genome-context analyses indicated
presence of a lysine permease in the vicinity of the gene
cluster coding for lysine pathway for butyrate production in
Fusobacterium nucleatum ATCC 25586. This suggests that lysine
utilized in this pathway for butyrate production by this strain
is probably obtained from the host. This in turn leads to a
competition with host for lysine, an essential amino acid for the
humans. In addition to extracting an essential resource from
the host, this pathway also leads to release of ammonia which is
deleterious to the gut health.
Apart from the above mentioned three pathways, previous
studies have also reported involvement of methylaspartate
pathway in butyrate production in Fusobacterium varium
(Ramezani et al., 2011), a pathogen observed in human ulcerative
colitis. This pathway (Supplementary Figure S2), involved in
fermentation of Glutamate to Acetyl-CoA and finally Butyryl
CoA, has been observed in various strains of Fusobacteria
(Ramezani et al., 2011). Further analysis in this study on
sequenced genomes (data not shown) showed that amongst the
butyrate producers, this pathway was observed in Fusobacteria
and few pathogenic strains of Clostridium like Clostridium
tetani and Clostridium tetanophorum. The occurrence of this
pathway was completely absent in other butyrogenic gut
commensals. This pathway also produces ammonia while
converting Glutamate to Acetyl CoA. Combining the above
observations, the present study illustrates that the butyrogenic
pathways which utilize amino acids as initial substrates (glutarate,
4Ab, Lysine, methyl aspartate) are prevalent in gut pathogens
and lead to ammonia production that is harmful for gut
health.
The immunomodulation effects of butyrate toward anti
inflammatory response have been studied. It stimulates
regulatory T cells (Treg) to increase the production of IL-10
which is an anti-inflammatory cytokine as depicted in Figure 4A.
Butyrate also stimulates plasma cells to secrete serum IgA which
limits the proliferation of pathogenic bacteria in gut lumen.
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FIGURE 4 | (A) Depiction of beneficial anti-inflammatory immune response
triggered by butyrate biosynthesis in commensal bacteria (shown in green).
The commensal bacteria not capable of producing butyrate have been
depicted in blue. (B) Pro-inflammatory immune response to ammonia
released along with butyrogenesis by gut pathogens.
The pathogenic bacteria which possess butyrogenic pathways
lead to a concomitant ammonia production which increases
inflammation in gut as explained above (Figure 4B). Thus, this
study indicates that pathogens retain butyrogenic pathways
which bring about release of harmful ammonia which might
cause damage to gut integrity leading to higher probability of
pathogen invasion.
Butyrate Producers and Pathways in
Oral Cavity
As discussed earlier, another observation from the genome wide
study of butyrate production pathways was their presence in
pathogens implicated in oral diseases like periodontitis. The
role of butyrate in oral mucosa is contrasting to that in gut
as it is known to be cytotoxic to these cells (Tsuda et al.,
2010). It has also been proven that butyrate in oral cells might
lead to production of Reactive Oxygen Species which might
lead to inflammation (Chang et al., 2013). These butyrogenic
oral pathogens include Fusobacterium nucleatum (discussed
earlier in this manuscript) which primarily utilizes amino
acid metabolism for butyrate production (Jorth et al., 2014).
Additionally, other oral pathogenic bacteria like Porphyromonas
gingivalis, Tannerella forsythia and Filifactor alocis have also
been shown to possess butyrate production pathways (Socransky
et al., 1998; Darveau, 2010; Aruni et al., 2015). Our study
revealed that while all strains of Porphyromonas gingivalis
possessed the Pyruvate, 4-aminobutyrate and Lysine pathways
for butyrate production, Filifactor alocis contained Pyruvate
and Glutarate pathways and Tannerella forsythia possessed
the 4-Aminobutyrate pathway for butyrate production. This
finding is in agreement with an earlier metatranscriptomic study
which showed an upregulation of pyruvate fermentation, lysine
catabolism and glutamate catabolism in chronic periodontis
patients as compared to healthy cohorts (Jorth et al., 2014).
Thus, these results show that contrary to observations for gut
pathogens, oral pathogens do not show any pathway level
preference and possess pyruvate as well as aminoacid fermenting
pathways.
The above observations indicate that an environment like
oral cavity, where Butyrate itself is cytotoxic, does not present a
selection of a particular set of pathways for pathogenic bacteria.
Even the pyruvate fermentation pathway, which does not release
any ammonia, can be utilized by these pathogens to release
butyrate which can itself have a deletrious effect in diseases like
chronic periodontitis.
DISCUSSION
The present study indicates not only increased abundance
of butyrogenic commensal bacteria in healthy cohorts, but
also reveals that majority of them utilize pyruvate as initial
substrate for butyrate production. On the contrary, most of
the pathogenic bacteria do not possess butyrate production
pathways. Interestingly, Fusobacteria which was noticed to
be highly abundant in diseased gut cohorts (CRC and IBD
patients), was the only pathogenic genus observed in gut
to possess butyrate producing capability. Several strains of
Fusobacterium (known to be oral or gut pathogens) utilize
4Ab, Glutarate and Lysine pathways for butyrate production
(Figure 5). It is interesting to note that this pathogen lacks
Citrate or Glyoxylate pathways whose intermediates (succinate
and 2-oxoglutarate, respectively) act as substrates for the first
two pathways (4Ab and Glutarate). Similarly, this pathogen
also lacks lysine biosynthesis genes for producing substrate
for the third pathway (Lysine). Thus, this pathogenic bacteria
probably utilizes either its amino acid metabolic pathways
to produce the substrates or obtain them from the host by
different transporters. The utilization of amino acid metabolizing
pathways ultimately leads to formation of ammonia, a product
known to be harmful for gut cells. On the other hand, obtaining
essential amino acids (like Lysine) from the host is expected to
create a competitive environment in the gut. Thus, the study
emphasizes that it is not only important to know the butyrate
producing capabilities of gut bacteria, but also the biosynthetic
Frontiers in Microbiology | www.frontiersin.org 8 December 2016 | Volume 7 | Article 1945
fmicb-07-01945 November 30, 2016 Time: 12:40 # 9
Anand et al. Butyrate Production Pathways in Microbiome Bacteria
FIGURE 5 | Distribution of butyrate production pathways in gut bacteria. The figure depicts the distribution of butyrate production pathways in gut bacteria.
The commensal bacteria which produce butyrate have been depicted in green circles and connections have been shown to mark the butyrate production pathways
present in each of them. The commensal bacteria which do not produce butyrate have been depicted in blue circles. The pathogenic bacteria have been depicted in
red circles. The connections to corresponding butyrogenic pathways have been made to depict pathogens that produce butyrate.
pathways used by them as well as the by-products formed in
the process. In addition to gut pathogens, oral pathogens like
Porphyromonas, Filifactor, and Tannerella also show presence
of butyrate production pathways. These bacteria have evolved
to utilize Pyruvate as well as amino acid fermentation for
butyrate production. As explained earlier, the fact that butyrate
itself is pathogenic in oral environment probably does not lead
to an evolutionary selection of specific butyrogenic pathways
for these pathogens. This observation is contrary to what
is observed in case of gut pathogens as they have acquired
harmful ammonia releasing amino acid metabolizing pathways
for butyrate production.
The present study thus illustrates that commensals and
pathogens might have evolved to harbor different pathways for
biosynthesizing the same product. In addition, the different roles
of a metabolite in specific body sites within a host might also
influence distribution and evolution of butyrogenic pathways in
bacteria. The findings from the current analyses can potentially be
applied in future for manipulating butyrate production in order
to improve enteric as well as oral health.
MATERIALS AND METHODS
Genome Mining and Prediction of
Butyrate Biosynthesis Pathways in
Bacteria
Firstly, it was important to confirm that butyrate biosynthesizing
genes occur in context with each other on the genome in a
conserved arrangement. A HMM based analysis (Eddy, 1998) was
performed on the genomes of bacteria known to produce butyrate
through experimental studies. The HMMs corresponding to each
of the domains within genes associated with the four butyrate
production pathways (Figure 2) were obtained from the PFAM
database (Finn et al., 2014). The genomes were scanned for
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butyrate pathways using hmmscan program from HMMER v. 3.1
(Eddy, 1998) with an e-value cutoff of 1e-06. In-house perl scripts
were used to extract domains belonging to each pathway and their
positions on corresponding genomes were obtained using PTT
files. This information was utilized for gene context analysis. In-
house scripts were used to extract the hits to the HMM where
all genes (domains) within a pathway were not only present, but
occurred consecutively (within five genes from each other) on the
genomes. In addition, the order of occurrence of these domains
was noted for each genome.
After confirming the gene arrangement for all the four
pathways in bacteria mentioned above, the analysis was extended
to other bacterial genomes. Protein sequences (FASTA and ptt
files) corresponding to bacterial genomes (complete: 2749; draft:
5503) were downloaded from the NCBI1. The HMM protocol
described above was applied to all genomes and a table cataloging
the genes in each of the butyrate pathways present in these
genomes was obtained (Supplementary Table S1).
Identification of Butyrate Producers in
Human Gut and Oral Cavities
In order to identify butyrogenic bacteria in human gut, publicly
available datasets containing PCR amplicons for 16S rRNA
corresponding to each of the following studies were downloaded
from NCBI-SRA2.
• Gut microbiome of 30 healthy individuals and 30 Colorectal
Cancer patients from Toronto (Canada), Boston (USA),
Houston (USA), Ann Arbor (USA) (Zackular et al.,
2014) (Fastq files available at http://www.mothur.org/
MicrobiomeBiomarkerCRC).
• Gut microbiome of 56 healthy and 46 Colorectal Cancer
subjects from Shanghai (China) (Wang et al., 2012) (SRA
ID: SRP005150).
• Microbiome associated with biopsy samples of 95
Colorectal adenocarcinoma and their adjacent non-affected
tissue from patients in Barcelona (Spain) (Kostic et al.,
2012) (SRA ID: SRP000383).
• Gut microbiome of 302 IBD patients and 168 healthy
individuals from African Caucasian population (Gevers
et al., 2014) (Bioproject ID: PRJNA237362).
• Gut microbiome of 44 type II diabetes patients before and
after (12 weeks) administration of a Chinese decoction (Xu
et al., 2015).
• Gut microbiome of 50 obese and 50 non-obese individuals
from Amish population (NCBI SRA ID SRX021087).
• Oral microbiome of 10 healthy individuals and 10
subgingival periodontitis patients from Chinese population
(Tsai et al., 2016) (NCBI Bioproject ID PRJNA274944).
• Oral micriobiome of 25 healthy and 25 chronic
periodontitis samples from American population (Kirst
et al., 2015) (NCBI Bioproject ID PRJNA269205).
SRA toolkit version 2.3.4 was used to obtain fastq files from the
downloaded data. Quality filtration of the 16S rRNA amplicons
1ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/bacteria/
2ftp://ftp.ncbi.nlm.nih.gov/sra
was performed to retain only those sequences that had an average
phred score of more than 25. The quality filtered sequences were
scanned to extract only the specific V-regions used in each of
these studies using VXtractor 2.0 (Hartmann et al., 2010).
Taxonomic classification of sequences in each of the samples
was performed using naïve Bayesian classifier implemented in
the Ribosomal Database Project classifier (version 2.8) (Wang
et al., 2007) executed at a bootstrap confidence cut-off of
80%. Based on reliability of alignments obtained at each
taxonomic level, output sequences were classified at phylum,
family and genus levels. The data was then normalized to
obtain relative abundance at various taxonomic levels in each
sample. Only the genera whose median relative abundance
was greater than 0.001% for healthy or diseased datasets were
retained for further analysis. Butyrate producers in the gut
were then identified by mapping species belonging to each
genus to butyrate production pathways listed in Supplementary
Table S1.
Comparison of Butyrate Production
Pathways in Healthy and Dysbiotic
Gut/Oral Cavities
In order to identify differentially abundant taxa in healthy and
diseased cohorts, the obtained normalized taxa abundances in
each of the datasets were subjected to multivariate data analysis.
To remove sample outliers (based on the abundance values),
t-test was performed with 1000 iterations of bootstrapping. In
other words, 80% of the samples were randomly selected in
each iteration from healthy as well as diseased datasets and
a t-test was carried out on these samples. The genera that
appeared as significantly different (in terms of abundance with
a p-value < 0.05) in more than 50% of the iterations (500)
were selected. The differential genera so obtained were analyzed
further to see the differences in distribution of butyrogenic
pathways between commensals and pathogens.
AUTHOR CONTRIBUTIONS
SA, HK, and SSM conceived and designed the experiments;
SA and HK conducted the experiments; SA, HK, and SM
analyzed the data; SA, HK, and SM wrote the manuscript; All
authors discussed the results, commented on the manuscript and
approved the final version. SA and HK have equally contributed
to the manuscript.
ACKNOWLEDGMENTS
We thank Mohammed Monzoorul Haque, Kuntal Kumar Bhusan
and Chandrani Das for their helpful discussion and comments.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fmicb.2016.
01945/full#supplementary-material
Frontiers in Microbiology | www.frontiersin.org 10 December 2016 | Volume 7 | Article 1945
fmicb-07-01945 November 30, 2016 Time: 12:40 # 11
Anand et al. Butyrate Production Pathways in Microbiome Bacteria
REFERENCES
Allen-Vercoe, E., Strauss, J., and Chadee, K. (2011). Fusobacterium nucleatum: an
emerging gut pathogen? Gut Microbes 2, 294–298. doi: 10.4161/gmic.2.5.18603
Aruni, A. W., Mishra, A., Dou, Y., Chioma, O., Hamilton, B. N., and Fletcher, H. M.
(2015). Filifactor alocis–a new emerging periodontal pathogen. Microbes Infect.
17, 517–530. doi: 10.1016/j.micinf.2015.03.011
Bajaj, J. S., Hylemon, P. B., Ridlon, J. M., Heuman, D. M., Daita, K., White,
M. B., et al. (2012). Colonic mucosal microbiome differs from stool microbiome
in cirrhosis and hepatic encephalopathy and is linked to cognition and
inflammation. Am. J. Physiol. Gastrointest. Liver Physiol. 303, G675–G685. doi:
10.1152/ajpgi.00152.2012
Basson, M. D., Liu, Y. W., Hanly, A. M., Emenaker, N. J., Shenoy, S. G., and
Gould Rothberg, B. E. (2000). Identification and comparative analysis of
human colonocyte short-chain fatty acid response genes. J. Gastrointest. Surg. 4,
501–512. doi: 10.1016/S1091-255X(00)80093-1
Bhattacharya, T., Ghosh, T. S., and Mande, S. S. (2015). Global profiling
of carbohydrate active enzymes in human gut microbiome. PLoS ONE
10:e0142038. doi: 10.1371/journal.pone.0142038
Bordonaro, M., Drago, E., Atamna, W., and Lazarova, D. L. (2014). Comprehensive
suppression of all apoptosis-induced proliferation pathways as a proposed
approach to colorectal cancer prevention and therapy. PLoS ONE 9:e115068.
doi: 10.1371/journal.pone.0115068
Boynton, Z. L., Bennet, G. N., and Rudolph, F. B. (1996). Cloning, sequencing,
and expression of clustered genes encoding beta-hydroxybutyryl-coenzyme
A (CoA) dehydrogenase, crotonase, and butyryl-CoA dehydrogenase from
Clostridium acetobutylicum ATCC 824. J. Bacteriol. 178, 3015–3024. doi: 10.
1128/jb.178.11.3015-3024.1996
Castellarin, M., Warren, R. L., Freeman, J. D., Dreolini, L., Krzywinski, M.,
Strauss, J., et al. (2012). Fusobacterium nucleatum infection is prevalent
in human colorectal carcinoma. Genome Res. 22, 299–306. doi: 10.1101/gr.
126516.111
Chang, M. C., Tsai, Y. L., Chen, Y. W., Chan, C. P., Huang, C. F., Lan, W. C., et al.
(2013). Butyrate induces reactive oxygen species production and affects cell
cycle progression in human gingival fibroblasts. J. Periodontal Res. 48, 66–73.
doi: 10.1111/j.1600-0765.2012.01504.x
Chiu, C. M., Huang, W. C., Weng, S. L., Tseng, H. C., Liang, C., Wang, W. C.,
et al. (2014). Systematic analysis of the association between gut flora and obesity
through high-throughput sequencing and bioinformatics approaches. Biomed.
Res. Int. 2014:906168. doi: 10.1155/2014/906168
Chowdhury, N. P., Mowafy, A. M., Demmer, J. K., Upadhyay, V., Koelzer, S.,
Jayamani, E., et al. (2014). Studies on the mechanism of electron bifurcation
catalyzed by electron transferring flavoprotein (Etf) and butyryl-CoA
dehydrogenase (Bcd) of Acidaminococcus fermentans. J. Biol. Chem. 289,
5145–5157. doi: 10.1074/jbc.M113.521013
Clarke, S. F., Murphy, E. F., O’sullivan, O., Ross, R. P., O’toole, P. W., Shanahan, F.,
et al. (2013). Targeting the microbiota to address diet-induced obesity: a time
dependent challenge. PLoS ONE 8:e65790. doi: 10.1371/journal.pone.0065790
Corpet, D. E., Yin, Y., Zhang, X. M., Remesy, C., Stamp, D., Medline, A.,
et al. (1995). Colonic protein fermentation and promotion of colon
carcinogenesis by thermolyzed casein. Nutr. Cancer 23, 271–281. doi: 10.1080/
01635589509514381
Darveau, R. P. (2010). Periodontitis: a polymicrobial disruption of host
homeostasis. Nat. Rev. Microbiol. 8, 481–490. doi: 10.1038/nrmicro2337
Donohoe, D. R., Holley, D., Collins, L. B., Montgomery, S. A., Whitmore, A. C.,
Hillhouse, A., et al. (2014). A gnotobiotic mouse model demonstrates that
dietary fiber protects against colorectal tumorigenesis in a microbiota- and
butyrate-dependent manner. Cancer Discov. 4, 1387–1397. doi: 10.1158/2159-
8290.CD-14-0501
Dulal, S., and Keku, T. O. (2014). Gut microbiome and colorectal adenomas.
Cancer J. 20, 225–231. doi: 10.1097/PPO.0000000000000050
Duncan, S. H., Aminov, R. I., Scott, K. P., Louis, P., Stanton, T. B., and Flint, H. J.
(2006). Proposal of Roseburia faecis sp. nov., Roseburia hominis sp. nov. and
Roseburia inulinivorans sp. nov., based on isolates from human faeces. Int. J.
Syst. Evol. Microbiol. 56, 2437–2441.
Duncan, S. H., Louis, P., Thomson, J. M., and Flint, H. J. (2009). The role of pH in
determining the species composition of the human colonic microbiota. Environ.
Microbiol. 11, 2112–2122. doi: 10.1111/j.1462-2920.2009.01931.x
Eddy, S. R. (1998). Profile hidden Markov models. Bioinformatics 14, 755–763.
doi: 10.1093/bioinformatics/14.9.755
El-Semman, I. E., Karlsson, F. H., Shoaie, S., Nookaew, I., Soliman, T. H., and
Nielsen, J. (2014). Genome-scale metabolic reconstructions of Bifidobacterium
adolescentis L2-32 and Faecalibacterium prausnitzii A2-165 and their
interaction. BMC Syst. Biol. 8:41. doi: 10.1186/1752-0509-8-41
Finn, R. D., Bateman, A., Clements, J., Coggill, P., Eberhardt, R. Y., Eddy, S. R., et al.
(2014). Pfam: the protein families database. Nucleic Acids Res. 42, D222–D230.
doi: 10.1093/nar/gkt1223
Gerritse, J., Drzyzga, O., Kloetstra, G., Keijmel, M., Wiersum, L. P., Hutson, R.,
et al. (1999). Influence of different electron donors and acceptors on
dehalorespiration of tetrachloroethene by Desulfitobacterium frappieri TCE1.
Appl. Environ. Microbiol. 65, 5212–5221.
Gevers, D., Kugathasan, S., Denson, L. A., Vazquez-Baeza, Y., Van Treuren, W.,
Ren, B., et al. (2014). The treatment-naive microbiome in new-onset
Crohn’s disease. Cell Host Microbe 15, 382–392. doi: 10.1016/j.chom.2014.
02.005
Ghosh, T. S., Gupta, S. S., Bhattacharya, T., Yadav, D., Barik, A., Chowdhury, A.,
et al. (2014). Gut microbiomes of Indian children of varying nutritional status.
PLoS ONE 9:e95547. doi: 10.1371/journal.pone.0095547
Gupta, S. S., Mohammed, M. H., Ghosh, T. S., Kanungo, S., Nair, G. B., and Mande,
S. S. (2011). Metagenome of the gut of a malnourished child. Gut Pathog. 3:7.
doi: 10.1186/1757-4749-3-7
Hakansson, A., and Molin, G. (2011). Gut microbiota and inflammation. Nutrients
3, 637–682. doi: 10.3390/nu3060637
Han, Y. W., Shi, W., Huang, G. T., Kinder Haake, S., Park, N. H., Kuramitsu, H.,
et al. (2000). Interactions between periodontal bacteria and human oral
epithelial cells: Fusobacterium nucleatum adheres to and invades epithelial cells.
Infect. Immun. 68, 3140–3146. doi: 10.1128/IAI.68.6.3140-3146.2000
Hartmann, M., Howes, C. G., Abarenkov, K., Mohn, W. W., and Nilsson, R. H.
(2010). V-Xtractor: an open-source, high-throughput software tool to identify
and extract hypervariable regions of small subunit (16S/18S) ribosomal RNA
gene sequences. J. Microbiol. Methods 83, 250–253. doi: 10.1016/j.mimet.2010.
08.008
Heinken, A., Khan, M. T., Paglia, G., Rodionov, D. A., Harmsen, H. J., and Thiele, I.
(2014). Functional metabolic map of Faecalibacterium prausnitzii, a beneficial
human gut microbe. J. Bacteriol. 196, 3289–3302. doi: 10.1128/JB.01780-14
Herrmann, G., Jayamani, E., Mai, G., and Buckel, W. (2008). Energy conservation
via electron-transferring flavoprotein in anaerobic bacteria. J. Bacteriol. 190,
784–791. doi: 10.1128/JB.01422-07
Jiang, H., Ling, Z., Zhang, Y., Mao, H., Ma, Z., Yin, Y., et al. (2015). Altered
fecal microbiota composition in patients with major depressive disorder. Brain
Behav. Immun. 48, 186–194. doi: 10.1016/j.bbi.2015.03.016
Jorth, P., Turner, K. H., Gumus, P., Nizam, N., Buduneli, N., and Whiteley, M.
(2014). Metatranscriptomics of the human oral microbiome during health and
disease. MBio 5, e01012–e01014. doi: 10.1128/mBio.01012-14
Karlsson, S., Burman, L. G., and Akerlund, T. (2008). Induction of toxins in
Clostridium difficile is associated with dramatic changes of its metabolism.
Microbiology 154, 3430–3436. doi: 10.1099/mic.0.2008/019778-0
Karlsson, S., Lindberg, A., Norin, E., Burman, L. G., and Akerlund, T. (2000).
Toxins, butyric acid, and other short-chain fatty acids are coordinately
expressed and down-regulated by cysteine in Clostridium difficile. Infect.
Immun. 68, 5881–5888. doi: 10.1128/IAI.68.10.5881-5888.2000
Kirst, M. E., Li, E. C., Alfant, B., Chi, Y. Y., Walker, C., Magnusson, I., et al.
(2015). Dysbiosis and alterations in predicted functions of the subgingival
microbiome in chronic periodontitis. Appl. Environ. Microbiol. 81, 783–793.
doi: 10.1128/AEM.02712-14
Kostic, A. D., Gevers, D., Pedamallu, C. S., Michaud, M., Duke, F., Earl, A. M.,
et al. (2012). Genomic analysis identifies association of Fusobacterium with
colorectal carcinoma. Genome Res. 22, 292–298. doi: 10.1101/gr.126573.111
Li, J., Liu, L., and Dai, X. (2012). [Genes and gene clusters involved in microbial
butyrate-producing pathway of human and animal gastrointestinal tract]. Wei
Sheng Wu Xue Bao 52, 1181–1186.
Ling, Z., Liu, X., Jia, X., Cheng, Y., Luo, Y., Yuan, L., et al. (2014). Impacts
of infection with different toxigenic Clostridium difficile strains on faecal
microbiota in children. Sci. Rep. 4, 7485. doi: 10.1038/srep07485
Ling, Z., Liu, X., Luo, Y., Wu, X., Yuan, L., Tong, X., et al. (2013). Associations
between vaginal pathogenic community and bacterial vaginosis in Chinese
Frontiers in Microbiology | www.frontiersin.org 11 December 2016 | Volume 7 | Article 1945
fmicb-07-01945 November 30, 2016 Time: 12:40 # 12
Anand et al. Butyrate Production Pathways in Microbiome Bacteria
reproductive-age women. PLoS ONE 8:e76589. doi: 10.1371/journal.pone.
0076589
Meehan, C. J., and Beiko, R. G. (2014). A phylogenomic view of ecological
specialization in the Lachnospiraceae, a family of digestive tract-associated
bacteria. Genome Biol. Evol. 6, 703–713. doi: 10.1093/gbe/evu050
Morgan, X. C., Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward, D. V.,
et al. (2012). Dysfunction of the intestinal microbiome in inflammatory bowel
disease and treatment. Genome Biol. 13:R79. doi: 10.1186/gb-2012-13-9-r79
Ohkawara, S., Furuya, H., Nagashima, K., Asanuma, N., and Hino, T. (2005). Oral
administration of butyrivibrio fibrisolvens, a butyrate-producing bacterium,
decreases the formation of aberrant crypt foci in the colon and rectum of mice.
J. Nutr. 135, 2878–2883.
Ohkusa, T., Sato, N., Ogihara, T., Morita, K., Ogawa, M., and Okayasu, I.
(2002). Fusobacterium varium localized in the colonic mucosa of patients with
ulcerative colitis stimulates species-specific antibody. J. Gastroenterol. Hepatol.
17, 849–853. doi: 10.1046/j.1440-1746.2002.02834.x
Ramezani, M., Resmer, K. L., and White, R. L. (2011). Glutamate racemization and
catabolism in Fusobacterium varium. FEBS J. 278, 2540–2551. doi: 10.1111/j.
1742-4658.2011.08179.x
Richardson, A. J., Mckain, N., and Wallace, R. J. (2013). Ammonia production by
human faecal bacteria, and the enumeration, isolation and characterization of
bacteria capable of growth on peptides and amino acids. BMC Microbiol. 13:6.
doi: 10.1186/1471-2180-13-6
Schwabe, R. F., and Jobin, C. (2013). The microbiome and cancer. Nat. Rev. Cancer
13, 800–812. doi: 10.1038/nrc3610
Sears, C. L., and Garrett, W. S. (2014). Microbes, microbiota, and colon cancer. Cell
Host Microbe 15, 317–328. doi: 10.1016/j.chom.2014.02.007
Siavoshian, S., Segain, J. P., Kornprobst, M., Bonnet, C., Cherbut, C.,
Galmiche, J. P., et al. (2000). Butyrate and trichostatin A effects on the
proliferation/differentiation of human intestinal epithelial cells: induction of
cyclin D3 and p21 expression. Gut 46, 507–514. doi: 10.1136/gut.46.4.507
Slavin, J. (2013). Fiber and prebiotics: mechanisms and health benefits. Nutrients 5,
1417–1435. doi: 10.3390/nu5041417
Socransky, S. S., Haffajee, A. D., Cugini, M. A., Smith, C., and Kent, R. L. Jr. (1998).
Microbial complexes in subgingival plaque. J. Clin. Periodontol. 25, 134–144.
doi: 10.1111/j.1600-051X.1998.tb02419.x
Sun, J., and Chang, E. B. (2014). Exploring gut microbes in human health and
disease: pushing the envelope. Genes Dis. 1, 132–139. doi: 10.1016/j.gendis.2014.
08.001
Tang, Y., Chen, Y., Jiang, H., Robbins, G. T., and Nie, D. (2011). G-protein-coupled
receptor for short-chain fatty acids suppresses colon cancer. Int. J. Cancer 128,
847–856. doi: 10.1002/ijc.25638
Toden, S., Lockett, T. J., Topping, D. L., Scherer, B. L., Watson, E. J., Southwood,
J. G., et al. (2014). Butyrylated starch affects colorectal cancer markers
beneficially and dose-dependently in genotoxin-treated rats. Cancer Biol. Ther.
15, 1515–1523. doi: 10.4161/15384047.2014.955764
Tomasello, G., Tralongo, P., Damiani, P., Sinagra, E., Di Trapani, B., Zeenny,
M. N., et al. (2014). Dismicrobism in inflammatory bowel disease and
colorectal cancer: changes in response of colocytes. World J. Gastroenterol. 20,
18121–18130. doi: 10.3748/wjg.v20.i48.18121
Tsai, C. Y., Tang, C. Y., Tan, T. S., Chen, K. H., Liao, K. H., and Liou, M. L.
(2016). Subgingival microbiota in individuals with severe chronic periodontitis.
J. Microbiol. Immunol. Infect. doi: 10.1016/j.jmii.2016.04.007 [Epub ahead of
print].
Tsuda, H., Ochiai, K., Suzuki, N., and Otsuka, K. (2010). Butyrate, a bacterial
metabolite, induces apoptosis and autophagic cell death in gingival epithelial
cells. J. Periodontal Res. 45, 626–634. doi: 10.1111/j.1600-0765.2010.01277.x
Ueno, Y., Sasaki, D., Fukui, H., Haruta, S., Ishii, M., and Igarashi, Y. (2006).
Changes in bacterial community during fermentative hydrogen and acid
production from organic waste by thermophilic anaerobic microflora. J. Appl.
Microbiol. 101, 331–343. doi: 10.1111/j.1365-2672.2006.02939.x
Vital, M., Howe, A. C., and Tiedje, J. M. (2014). Revealing the bacterial butyrate
synthesis pathways by analyzing (meta)genomic data. MBio 5:e00889-14. doi:
10.1128/mBio.00889-14
Vital, M., Penton, C. R., Wang, Q., Young, V. B., Antonopoulos, D. A., Sogin,
M. L., et al. (2013). A gene-targeted approach to investigate the intestinal
butyrate-producing bacterial community. Microbiome 1:8. doi: 10.1186/2049-
2618-1-8
Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.
00062-07
Wang, T., Cai, G., Qiu, Y., Fei, N., Zhang, M., Pang, X., et al. (2012). Structural
segregation of gut microbiota between colorectal cancer patients and healthy
volunteers. ISME J. 6, 320–329. doi: 10.1038/ismej.2011.109
Warren, R. L., Freeman, D. J., Pleasance, S., Watson, P., Moore, R. A., Cochrane, K.,
et al. (2013). Co-occurrence of anaerobic bacteria in colorectal carcinomas.
Microbiome 1:16. doi: 10.1186/2049-2618-1-16
Weir, T. L., Manter, D. K., Sheflin, A. M., Barnett, B. A., Heuberger, A. L., and Ryan,
E. P. (2013). Stool microbiome and metabolome differences between colorectal
cancer patients and healthy adults. PLoS ONE 8:e70803. doi: 10.1371/journal.
pone.0070803
Whon, T. W., Hyun, D. W., Nam, Y. D., Kim, M. S., Song, E. J., Jang, Y. K., et al.
(2015). Genomic and phenotypic analyses of Carnobacterium jeotgali strain
MS3(T), a lactate-producing candidate biopreservative bacterium isolated from
salt-fermented shrimp. FEMS Microbiol. Lett. 362, fnv058. doi: 10.1093/femsle/
fnv058
Xu, J., Lian, F., Zhao, L., Zhao, Y., Chen, X., Zhang, X., et al. (2015). Structural
modulation of gut microbiota during alleviation of type 2 diabetes with a
Chinese herbal formula. ISME J. 9, 552–562. doi: 10.1038/ismej.2014.177
Zackular, J. P., Rogers, M. A., Ruffin, M. T. T., and Schloss, P. D. (2014). The
human gut microbiome as a screening tool for colorectal cancer. Cancer Prev.
Res. (Phila) 7, 1112–1121. doi: 10.1158/1940-6207.CAPR-14-0129
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Anand, Kaur and Mande. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 12 December 2016 | Volume 7 | Article 1945
